Introduction
Clinical and experimental research indicates that severe postoperative pain after the intraoperative use of remifentanil (Remi) has been linked to the development of Remiinduced hyperalgesia (RIH). [1] [2] [3] [4] Co-administration of lidocaine (Lido) and ketamine has been proved to effectively overcome RIH through several different mechanisms. 5, 6 The primary somatosensory cortex (S1), an important structure for pain perception, has also been found to be involved in the modulation of pain. [7] [8] [9] [10] Our previous study has shown that CaMKII phosphorylation in the S1 area is involved in RIH, which can be suppressed by the systemic application of Lido. 4 Similarly, a recent study also demonstrated that S1 cortex participates in gabapentin's antiallodynic effect on neuropathic pain. 11 One of the important mechanisms of RIH is the activation of glutamatergic system. 12 Studies have also demonstrated that Lido alleviates neuropathic and acute pain by suppressing the activation of glutamatergic system. 13 However, most of them focus on the spinal cord. Studies on humans and rats with chronic pain have shown that neurotransmitter abnormalities, including increases in glutamate and decreases in γ-aminobutyric acid (GABA), could be responsible for the cortical hyperactivity and hyperalgesia. [14] [15] [16] It suggests that excitatory and inhibitory amino acid neurotransmitter imbalance may be a mechanism of hyperalgesia. However, excitatory and inhibitory amino acid release characteristics are not yet clear in opioid-induced hyperalgesia. Therefore, using a Remi administration model, this study explored the changes in hyperalgesia-related amino acid neurotransmitters in S1 region during and after the discontinuation of Remi infusion, as well as the impact of Lido.
Membrane lipid rafts (MLRs), also known as detergentresistant membrane fractions, are rich in cholesterol and serve as the discrete domains of sphingolipids with a flat boat shape and diameters <100 nm. Lipid raft is not only the critical subcellular structure for the execution of neurotransmitter release and exocytosis in the presynaptic membrane but also the region implicated in the congregation of postsynaptic membrane receptors and signaling proteins, thereby playing an important role in the process of synaptic signal transduction. 17, 18 Conventional protein kinase Cγ (cPKCγ) is a protein kinase C isoform specifically distributed in neurons, which is involved in the modulation of pain signals. Studies have shown that PKC promotes neurotransmitter release by adjusting the function of signaling proteins in MLRs. 19, 20 Moreover, it enhances the function of proteins involved in postsynaptic potentiation, which are located in MLRs, such as N-methyl-D-aspartic acid (NMDA) receptors. 21 Translocation level assays have classically been used to screen the individual isoforms of PKC for the production of active PKC-membrane complexes. Thus, we further determined the changes in cPKCγ translocation level in MLRs in S1 region to provide more evidence for increasing the release of amino acid neurotransmitter and enhanced synaptic transmission.
Materials and methods
One hundred and three male Sprague Dawley rats weighing 240-260 g (provided by the Department of Laboratory Animals, Capital Medical University, Beijing, People's Republic of China) were used for the experiment. Prior to the experiment, the rats were reared in individual cages (five per cage) with free access to food and water. The ambient temperature (20-25°C) and the circadian rhythm (12 h day/12 h night) remained stable. The Animal Care and Use Committee of Capital Medical University approved the design of this study, in line with the related ethical guidelines for investigations of experimental pain in conscious animals by International Association for the Study of Pain. 22 
Animal grouping and anesthesia regimen
The rats were randomly divided into four groups. Individual rats were fixed in separate plastic holders. Tail-vein intravenous access was established by using a 24 G trocar. The total duration of anesthesia is 3 h. The dosing regimens (Table 1) used in this study were determined based on the US Food and Drug Administration empirical formula. The human dosage per body weight unit was converted into the equivalent dose per body weight unit (mg [μg]/kg) for a rat, with the calculation of the human equivalent dose (HED) = rat dose ×0. 16 . The HED was equivalent to the common clinical dose of Remi and an antiarrhythmic dose of Lido. Infusion of Remi and/or Lido without hypnotic drugs cannot achieve the anesthetized status in which mice are unconsciousness and no body movement, so that propofol (Pro), a commonly used hypnotic drug, was used to achieve adequate anesthesia in this research. Pro only group served as sham group. To keep all mice in the same depth of anesthesia, the dose of Pro was lowered when co-administering with Remi and/or Lido. All anesthetized animals breathed spontaneously at ~60 breaths/ Notes: Pro: the propofol group, in which the rats were anesthetized with propofol only; Remi: the remifentanil group, in which the rats were anesthetized with propofol and remifentanil; Remi-Lido: the remifentanil and lidocaine group, in which the rats were anesthetized with propofol, remifentanil, and lidocaine; Lido: the lidocaine group, in which the rats were anesthetized with propofol and lidocaine. All rats were spontaneously breathing during anesthesia. 
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Amino acid neurotransmitters of S1 area in RIH min and maintained rectal temperature at 37.5±0.5°C during anesthesia. After the discontinuation of the infusion, all the animals awoke and resumed regular activity within 15 min.
To show the effect of Pro on PKCγ translocation to lipid rafts, control (Ctrl) group was added in Western blot analysis.
Test of the mechanical pain threshold
A total of 40 rats were included in the test of the mechanical pain threshold. Grouping information was described as earlier ( The test area is between the second and third metatarsus. An active retraction of hind paw was recognized as a withdrawal behavior but was not a passive push up by the rigid tip. A transparent test box with a mesh bottom was used in this behavior test. All animals were allowed to adapt for 15 min before test. The test time points were prior to administration (baseline Ctrl), 0.5 h, 2 h, 5 h, and 24 h after discontinuing the administration. The paw withdrawal threshold (PWT) was recognized as the pressure applied on plantar causing animal paw withdrawal. Each animal was measured three times at 60 s intervals, and the mean value was obtained. To avoid injury, the test was stopped when the reading of the von Frey device reached 120 g. This termination value (120 g) was recorded as the measured PWT regardless the response of rats.
Microdialysis
A total of 28 rats were randomly divided into four groups according to the above scheme (Table 1 , n=7 per group). After rat was anesthetized, a dialysis probe (CMA 12, with a membrane length of 2 mm, a diameter of 0.5 mm, and a molecular weight cutoff of 20 kDa; CMA, Stockholm, Sweden) was placed on the right side of the S1 cortex (1.7 mm anterior to the fontanelle, 4.5 mm lateral, and 3.5 mm deep) and properly fixed. Thirty minutes after anesthesia induction, the dialysis perfusion system was initiated and the flow rate of the pump was adjusted to constant 2 μL/min. Sampling was performed when the perfusion with Ringer's solution (NaCl, 145 mM; KCl, 4 mM; CaCl 2 , 1.3 mM, pH, 7.2-7.4) reached equilibrium until 150 min after starting the anesthesia. Each sample was collected for 30 min, obtaining a total of 60 μL. The administration was stopped after collecting the first sample under anesthesia. Subsequently, samples were collected at the time points of 0.5, 1.5, 4.5, and 23.5 h after discontinuing the administration. The concentration of the amino acid neurotransmitters in the dialysates, including glutamate, aspartic acid, GABA, and glycine, was detected using the method of high-performance liquid chromatography (HPLC) fluorescence. Before using the probe, its recovery was determined with the standard mixture (glutamate, aspartic acid, GABA, and glycine, 0.25 μg/mL) under the identical perfusion conditions as described earlier. The concentration of extracellular amino acid was equal to the concentration of amino acid in the sample divided by in vitro recovery. After collecting the microdialysis samples, the brains were taken for verification of the probe position by Nissl staining.
Preparation of the whole-cell lysate
A total of 35 rats were divided into the following five groups: Ctrl group and another four groups described earlier (Table 1 , n=7 per group). Two hours after discontinuing the administration, the rats were scarified by decapitation and S1 cortex was dissected carefully on ice. The tissue samples were homogenized at 4°C with carbonate lysis buffer (500 mM sodium carbonate, pH 11.0, containing protease inhibitor and phosphatase inhibitor). After homogenization, the samples were sonicated for 3×15 s. The nuclear components were removed by centrifugation at 1000× g for 10 min, and the protein concentration was adjusted for later use.
Extraction of the lipid rafts
Sucrose was dissolved in 2-morpholino-ethanesulfonic acid (MES) saline buffer (25 mM MES and 150 mM NaCl, pH 6.5) to the concentrations of 80, 35, and 5%. To find the sucrose density gradient, 1 mL of 80% sucrose and 1 mL of whole-cell lysate (after adjusting the protein concentration) were mixed and placed at the bottom of a centrifuge tube, followed by subsequent slow addition of 6 mL of 35% sucrose and 4 mL of 5% sucrose. Ultracentrifugation at 39,000 rpm (190,000× g) at 4°C for 3 h was performed on the gradient medium (SW-41 rotor; Beckman, Indianapolis, IN, USA). After centrifugation, the factions of the gradient medium were collected from top to bottom in 1 mL/stratified layer. The extracts of the fourth and fifth layers, which contained the floating debris of the lipid rafts, were mixed 1:1 for later use.
Western blot
The whole-cell and the suspended lipid-raft samples were electrophoresed in 10% sodium dodecyl sulfate polyacrylamide gel electropheresis (SDS-PAGE) and then transferred onto polyvinylidene diflouride (PVDF) membrane. Membranes were blocked in 20 mM Tris-buffered Saline (TBS)-Tween with 5% albumin from bovine serum (BSA) and incubated overnight with primary antibodies for cPKCγ (1:1000, # 98952; Santa Cruz Biotechnology Inc., Dallas, TX, USA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:1000, # 37168; Abcam, Cambridge, MA, USA). Primary antibodies were visualized with species-specific secondary antibodies conjugated to Horseradish Peroxidase (HRP) and Enhanced Chemiluminescence (ECL) lumigen solution. Gel Doc gel-imaging system (Version 4.2.3; BioRad Laboratories Inc., Hercules, CA, USA) was used to image. GAPDH served as the internal reference by which to standardize the cPKCγ band for the whole-cell samples.
The ratio of the cPKCγ band in the suspended debris sample compared to the cPKCγ band in the corresponding whole-cell sample was used to present the translocation level of cPKCγ. The calculated ratio of the Ctrl group was normalized to 100%, and the comparisons of other groups with the Ctrl group were represented as percentage.
Statistical analyses
The PWTs to mechanical stimulation at different time points and the concentrations of the amino acid neurotransmitters for the rats in different groups were compared using the two-way analysis of variance, with Tukey's test for further multiple comparisons. Power analysis for the behavioral test was performed using the G power (Version 3.1.9.2; Heinrich-Heine University, Düsseldorf, Germany). Univariate analysis of variance was used, with the Bonferroni test being carried out for further multiple comparisons. Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA) was used for the statistics and plotting. A difference with p<0.05 was considered statistically significant.
Results

Lido inhibited Remi-induced mechanical hyperalgesia
All the animals had baseline PWT measurements prior to treatment. As shown in Figure 1 , there was no difference in the baseline PWT value among groups. The PWT of the rats in group Pro also showed no difference in each time point after anesthesia compared to its baseline. The PWT of group Remi at 2 h after discontinuation of the infusion was significantly lower than its corresponding baseline value (P<0.05, n=10 per group), whereas the PWT of group Remi-Lido at each time point showed no significant differences compared to its baseline. The PWT of the rats in group Remi at 2 h after discontinuing the infusion was also significantly lower than the other three groups (P<0.05, n=10 per group). Given a=0.05, calculated effect size f=0.71, total sample size =40, and number of groups =4, the post hoc power (1-b) of PWT at 2 h after discontinuation calculated by G power is 0.96.
Lido infusion suppressed Remi-induced amino acid neurotransmitters' release in S1 cortex
The dynamic changes in glutamate, aspartic acid, GABA, and glycine release in the dialysates of S1 cortex under anesthesia and after discontinuing the infusion are shown in Figure 2 . Group Pro served as Ctrl. Under anesthesia, the inhibitory amino acid neurotransmitters (glycine and GABA) of group Remi were significantly higher than those of group Pro, while other groups did not show much difference compared to group Pro (P<0.05, n=7 per group). There was no difference in excitatory amino acid neurotransmitters (glutamate and aspartic acid) among groups under anesthesia (P<0.05, n=7 per group). Within 5 h after stopping the infusion, both the excitatory and inhibitory amino acid levels of group Remi were higher than those of group Pro at multiple time points (P<0.05, n=7 per group). However, groups Remi-Lido and Lido did not show any difference compared to group Pro. At 24 h after stopping the infusion, the amino acid neurotransmitter levels of group Remi returned to levels similar to those of group Pro (P>0.05, n=7 per group). No significant difference was found in both the excitatory and inhibitory amino acid levels among group Pro, Remi-Lido and Lido at each time point. As shown in Figure 3 , the representative Figure 1 The von Frey test of the mechanical paw withdrawal response threshold showed that lidocaine could inhibit remifentanil-induced hyperalgesia. Notes: Pro: the propofol group, in which the rats were anesthetized with propofol only; Remi: the remifentanil group, in which the rats were anesthetized with propofol and remifentanil; Remi-Lido: the remifentanil and lidocaine group, in which the rats were anesthetized with propofol, remifentanil, and lidocaine; Lido: the lidocaine group, in which the rats were anesthetized with propofol and lidocaine. The data are represented as mean ± standard errors. *The PWT of group Remi was significantly lower than that of group Pro, P<0.05.
#
The PWT of group Remi was significantly lower than baseline, P<0.05; n=10 per group. Abbreviation: PWT, paw withdrawal threshold. 
1525
Amino acid neurotransmitters of S1 area in RIH Figure 2 Remifentanil increased the levels of amino acid neurotransmitters in S1 inhibited by systemic injection of lidocaine. Notes: (A) Glutamate concentration; (B) Aspartic acid concentration; (C) Glycine concentration; (D) GABA concentration. Pro: the propofol group, in which the rats were anesthetized with propofol only; Remi: the remifentanil group, in which the rats were anesthetized with propofol and remifentanil; Remi-Lido: the remifentanil and lidocaine group, in which the rats were anesthetized with propofol, remifentanil, and lidocaine; Lido: the lidocaine group, in which the rats were anesthetized with propofol and lidocaine. The data are represented as mean ± standard error. *The results of group Remi were significantly higher than those of group Pro, P<0.05.
#
The results of group Remi were significantly lower than those of 24 h after discontinuation of anesthetics infusion, P<0.05; n=7 per group. Abbreviations: Anes, during anestheisa; GABA, γ-aminobutyric acid; S1, primary somatosensory cortex. 
1526
Wang et al
Nissl staining image demonstrated that the microdialysis probe was located at the S1 cortex.
Lido infusion suppressed Remi-induced cPKCγ translocation to the lipid rafts of S1 cortex
The typical Western blot and quantitative analyses' results are shown in Figure 4 , and no significant changes in cPKCγ protein levels were observed in the whole-cell lysate of S1 cortex from normal Ctrl, Pro, Remi, Remi-Lido, and Lido groups ( Figure 4A, P>0.05, n=7 per group) . However, the cPKCγ levels in the lipid rafts of S1 cortex increased significantly in group Remi when compared with that of Ctrl ( Figure 4B, P<0.05, n=7 per group) . However, this Remi-induced increase in cPKCγ translocation was significantly inhibited by co-administering Lido in group RemiLido when compared to group Ctrl ( Figure 4B , P>0.05, n=7 per group).
Discussion
A total intravenous anesthesia model of rats mimicking clinical Remi-based anesthesia was set up to explore underlying the mechanism of RIH in this study. As shown in behavior test, no significant change was observed in the PWT values of group Pro at each time point compared to the baseline, which means that the Pro itself did not change rats' PWT value in this experiment setting. The PWT of group Remi was significantly lower than those of the other groups at 2 h after discontinuing the infusion, while group Remi-Lido showed no significant differences compared to group Ctrl, indicating that Remi can induce hyperalgesia, which was inhibited by systemic infusion of Lido. These results are consistent with our previous findings using Remi and Lido in isolation without Pro in the waking state. 23 As the highest component of the somatosensory central nervous system, which receives upstream non-nociceptive and nociceptive afferent impulses, S1 cortex plays a key role in Figure 4 Changes in cPKCγ levels in the lipid rafts of S1 cortex after discontinuation of remifentanil and lidocaine. Notes: (A) cPKCr levels in whole cell lysate. (B) cPKCr levels on lipid rafts. Ctrl: control group, which received the same amount of saline; Pro: the propofol group, in which the rats were anesthetized with propofol only; Remi: the remifentanil group, in which the rats were anesthetized with propofol and remifentanil; Remi-Lido: the remifentanil and lidocaine group, in which the rats were anesthetized with propofol, remifentanil, and lidocaine; Lido: the lidocaine group, in which the rats were anesthetized with propofol and lidocaine. The data are represented as mean ± standard error. *The result of group Remi was significantly higher than that of Ctrl, P<0.05; n=7 per group. Abbreviations: cPKCγ, conventional protein kinase Cγ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MLR, membrane lipid rafts; S1, primary somatosensory cortex. 
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Amino acid neurotransmitters of S1 area in RIH pain perception. Considering the results observed on humans by using functional magnetic resonance (fMRI) that showed significant activation in primary somatosensory cortex (S1) during temporal summation of pain sensation, 24 we hypothesize that activation of the S1 area is also involved in RIH. In addition to receiving upstream non-nociceptive and nociceptive afferent impulses, the S1 cortex is involved in complex excitatory and inhibitory neuronal connections, both inside and outside the region. Different from the studies observing activated aspartatergic/glutamatergic system along with suppressed GABAergic/glycinergic system in spinal dorsal horn during pain state, 25, 26 a study using the chronic pain model showed that both excitatory and inhibitory neuronal activities in the S1 region are enhanced. However, the increased inhibition is insufficient to completely counterbalance the increased excitation and thus alleviate the symptoms of chronic pain. 27 This region is also being found heavily implicated in the formation of hyperalgesia. 7, 8 Our previous studies have shown that, at 2 h after discontinuing a Remi infusion, the phosphorylation level of the CaMKII in the S1 cortex is increased but can be inhibited by the conjoint infusion of Lido. 4 Moreover, this observation coincides with the occurrence of mechanical hyperalgesia after discontinuing the drug when testing the PWT of rats. 4 According to these findings, we hypothesized that the increased release of neurotransmitters in S1 area, especially amino acids, which can activate key receptors, such as NMDA receptors, may also be involved in the process of RIH. Thus, we further explored amino acid neurotransmitter levels in S1 region after the infusion of Remi and Lido in this study. By using microdialysis, we found that the neurotransmitter levels of both excitatory amino acids (glutamate and aspartic acid) and inhibitory amino acids (glycine and GABA) of group Remi were significantly higher than other groups at multiple time points within 5 h following discontinuation of the drug; this also coincided with the timing of the decrease of the mechanical PWT after stopping the infusion of Remi. These findings suggest that the synapses releasing excitatory and inhibitory amino acid neurotransmitters were activated to varying degrees after discontinuing the administration of Remi. The unbalanced release of excitatory and inhibitory amino acids may be one of the mechanisms underlying RIH. The systemic application of Lido suppressed the increased release of amino acid neurotransmitters after discontinuing Remi, which may be one of the neurobiological bases for the relief of RIH by Lido. As the density of opioid receptors in S1 is relatively low compared to several other brain regions, 28 the increased release of amino acid neurotransmitters in this region after the withdrawal of Remi may be not a consequence of the direct effect of Remi on the opioid receptors in S1 region but secondary changes caused by the increased afferent impulses from other brain areas with dense distributions of opioid receptors, which can be activated by Remi. The present study is a qualitative research exploring the changes in amino acid neurotransmitters in S1 region in the process of RIH and also the effect of Lido on these changes. However, the limitation of this study is that we have not investigated the dose-effect relationship between the concentration of Lido and RIH. Further studies on determining the minimum concentration of Lido needed to reverse RIH should be done with a more precise study design.
Lipid rafts are the important cellular substructures related to synaptic signal transduction. 29 Previous studies have shown that the translocation of PKC in lipid rafts may enhance the functions of proteins associated with exocytosis, including GAP43 30 and the L-type calcium channel. 31 Moreover, translocation of PKC in lipid rafts has been found to activate the protein that is involved in synaptic signaling mediated by amino acid neurotransmitters, including the glycine transporter 32 and the NMDA receptor. 21 Since the present study showed that Lido can partly inhibit Remi-induced increase in the release of excitatory neurotransmitters in S1 area, combined with our previous study that showed membrane translocation of cPKCγ in the spinal cord dorsal horn is involved in RIH, 3 we hypothesized that the translocation of cPKCγ in lipid rafts of S1 may be also involved in RIH and its inhibition by Lido. Our results showed that, at 2 h after the withdrawal of anesthesia, the translocation level of cPKCγ in lipid rafts of S1 in group Remi was higher than the other three groups. In group Remi, the increased translocation of cPKCγ in lipid rafts and the increased release of amino acid neurotransmitters in S1 were time-correlated with the reduced mechanical pain threshold level. This correlation may partly explain the role of S1 area in the formation of RIH. There are two possible explanations for the time correlation between the increased translocation of cPKCγ in lipid rafts and the release of amino acids in group Remi. First, after Remi interacting with the opioid receptors in S1, cPKCγ translocation in lipid rafts was promoted by certain intracellular mechanisms, which enhanced the function of neurotransmitter release-associated proteins and led to increasing release of the presynaptic neurotransmitters in S1. Another possibility is that the binding of Remi with opioid receptors in other brain regions of the nociceptive pathway caused changes in the afferent impulse to the S1 region, which further led to the activation of S1. The increased translocation of cPKCγ in lipid rafts and the release of amino acids in this region were the results promoted by certain mechanisms worth exploring. The intravenous injection of Lido may nonspecifically inhibit intracellular signal transduction, leading to an overall reduction in the release of amino acid neurotransmitters, thereby playing a role in reducing the hyperalgesia. The detailed mechanism upstream of cPKCγ will be the focus of further study.
Conclusion
The increased release of both excitatory and inhibitory amino acid neurotransmitters in S1 is correlated with behavioral changes and may serve as one of the mechanisms underlying RIH. The increased translocation level of neuron-specific cPKCγ in the lipid rafts suggested the activation of neurons in S1 and the increased synaptic signal transduction after Remi infusion. The reductions in amino acid neurotransmitter release in S1 and cPKCγ translocation in lipid rafts by Lido may be one of the mechanisms behind the antihyperalgesia effect of Lido.
